The flow around the trailing edge of a sinusoidally plunging NACA 0012 airfoil at zero mean angle of attack and low speed is studied by an unsteady compressible Euler flow solver. The Euler-computed load distribution is decomposed into harmonic components. The first component is dominant and compared with the classical linear theory. The Euler computation predicts the load magnitude approaching zero toward the trailing edge as the linear theory predicts when the reduced frequency is below about 0.4. When the reduced frequency is beyond about 0.4, the Euler solution yields a non-zero load magnitude and a load phase lag for the aft-load and the deviation from the linear theory increases with reduced frequency (0.4 ∼ 4.0) and free-stream Mach number (0.05 ∼ 0.2). The Euler solver is validated by a water-tunnel visualization of near wake in the literature. The computed aftload behavior and flow around the trailing edge are qualitatively confirmed with available experimental data and Navier-Stokes computation.
I. Introduction
It is known that wing flapping is a highly efficient means of propulsion at low Reynolds number (10 4 ∼ 10 5 ), and at present, many projects are devoted to develop micro air vehicles which use flapping wing system to produce thrust and lift. The fluid mechanics of flapping are not fully understood. Regarding the trailingedge flow, the experimental evidence on the range of validity of the Kutta-Joukowsky condition is mixed and a theoretical understanding is lacking. McCroskey 1 has reviewed the subject briefly. Theodorsen 2 developed compact expressions for forces and moments of a flapping flat-plate airfoil for small perturbed inviscid and incompressible flow. In the prediction of unsteady pressure distributions over airfoils, the steady-state Kutta-Joukowsky condition is assumed. The flow is treated in two classes: the noncirculating flow due to the airfoil vertical acceleration and the circulatory flow due to the wake vortices. The thrust force experienced by the flapping airfoil was given by Garrick. 3 Many important features of flapping airfoil behavior are depicted by the classical linear theory.
Ho and Chen 4 studied the near wake of a plunging NACA 0012 airfoil in a low turbulence wind tunnel by a miniature multiple hot-wire probe at Reynolds number (2.1 × 10 4 ∼ 10 5 ), reduced frequency (0 ∼ 1), and mean angle of attack 5
• . Under the condition of no dynamic stall, the near wake consists of a viscous part and an inviscid part. The viscous wake is the result of the merging of two boundary layers on the airfoil, has high velocity gradient and high turbulence levels, and is limited in a very thin region. The inviscid wake is caused by the induced flow of the circulation around the plunging airfoil and is of large width.
Freymuth
5 used smoke to visualize vortex generation and development for a periodically plunging NACA 0015 airfoil in a horizontal wind tunnel. A vortex street representing the signature of unsteady jet propulsion was identified. During downstroke of the airfoil, a counterclockwise rotating vortex forms, leaving the trailing edge of the airfoil. The subsequent upstroke then causes formation of a clockwise rotating vortex, which is deposited below and to the left of the previously formed counterclockwise vortex. The top row of counterclockwise rotating vortices induces for the bottom row of vortices a downstream component of velocity and where the bottom row of clockwise vortices does likewise for the top row. The test Reynolds number is 5200. The vortex street is not entirely laminar.
Archibald 6 measured the pressure differential near the trailing edge of a flat plate and an airfoil at high reduced frequency between 7 and 50 using a specially designed test section of a low-speed wind tunnel and showed that the Kutta condition does not hold. In this case, the unsteady flow in the test section was created by exciting two loudspeakers connected in anti-phase.
In a low-speed wind-tunnel test of Satyanarayana and Davis, 7 a NACA 64A010 airfoil was oscillated about an axis at 25% chord up to approximately ±1
• incidence at a mean angle of attack of 0 • , reduced frequency between 0.05 and 1.23 and a chord Reynolds number of 560, 000. In predicting the pressure loading in the trailing-edge region, application of the Kutta-Joukowsky condition is valid below a reduced frequency of 0.6. For reduced frequency beyond 0.8, the application predicts lower pressure loading in the trailing-edge region and the deviations increase with reduced frequencies. The experimental phase angles in the trailing-edge region reasonably agree with the predicted values up to reduced frequency of 0.8 but lag the predicted value beyond 0.8.
The experiments of Fleeter 8 were conducted in a large scale, low speed, single-stage research compressor with an axial velocity of about 30.5 m/s. The rotor wake generated time-variant trailing-edge pressures were measured for a classical isolated flat plate, a classical flat-plate stator cascade, and a cambered airfoil stator cascade over a range of incidence angles of −10
• ∼ +10
• at high reduced frequencies values of 7.3 ∼ 10.1. He concluded that the zero-loading condition prevails to reduced frequencies in excess of 7 on the two flat-plate cases but not for the cambered airfoil cascade.
Numerous flow visualizations on oscillating airfoils indicated that the wake has a strong tendency to organize itself into a series of vortices. McCroskey 9 gave a hypothetical interpretation of what really happens in contrast to the classical interpretation of trailing-edge conditions. In real unsteady flow, a boundary-layer separation bubble takes place in the trailing-edge region, the upper and lower surface pressures at the trailing edge are unequal and an abrupt streamline curvature with highly deformed near wake exists under some conditions.
As pointed out in the review of Crighton, 10 a much better understanding of the nature of the Kutta condition has been seen, essentially by showing that, within restricted parameter ranges, only those outer potential flows that satisfy a Kutta condition are compatible in the matched-asymptotic-expansion sense with an acceptable multi-layered inner viscous structure. There is both direct and indirect evidence for the validity of the Kutta condition in a restricted region of the multi-parameter space needed to describe time-dependent perturbations of high-Reynolds-number separated flows. A possible explanation for the Kutta-condition failure observed by Satyanarayanaand Davis 7 is that a small local boundary-layer separation may appear just upstream of the trailing edge when the instantaneous angle of attack exceeds about 2
• as shown by Brown and Stewartson.
11 This separation is not in the catastrophic form of dynamic stall. Instead, the flow reattaches just upstream of the trailing edge. This local unsteady separation seems to play a role in unsteady trailing-edge flow.
Water-tunnel tests of a NACA 0012 airfoil oscillated sinusoidally in plunge were performed by Jone, Dohring and Platzer 12 and Lai and Platzer. 13 They provided flow visualization and laser Doppler velocimetry data of the unsteady wakes formed by the plunging airfoil. Excellent agreement with numerical computations from a inviscid, incompressible, unsteady panel code that utilizes a nonlinear wake model indicates that the formation and evolution of the jet-like wake structures are primarily an inviscid phenomena. It is understood that the panel code is enforced to satisfy the Kutta condition at the sharp trailing edge.
Very recently, Young and Lai 14 used a compressible two-dimensional Navier-Stokes solver to provide a closeup on the trailing edge at one instant in the plunging cycle of a NACA 0012 airfoil, for reduced frequency of 4 and nondimensional plunging amplitude of 0.0125, fully laminar flow at a chord Reynolds number 2×10 4 , showing instantaneous streamlines and the corresponding scalar particle trace. A local separation region like that sketched by McCroskey 9 for unsteady trailing-edge flow was observed. The separation region around which the remainder of the fluid flows creates an effectively blunt-edged body. The trailing edge of the airfoil, now acting as a bluff body, will have a natural-shedding frequency associated with it. Interaction of this natural-shedding mode with the vortex shedding associated with the airfoil plunging frequency appears to be the origin of the multiple-vortex-per-half-cycle shedding seen in the water-tunnel experiments.
12
Recently the authors 15 have published an article which used a time-accurate Euler method to study the supercritical flow over an unstalled plunging NACA 0012 airfoil. The Kutta-Joukowsky condition is not enforced in the Euler method. The computed mean thrust coefficient corrected with a flat-plate skin friction formula and the propulsive efficiency for a NACA 0012 airfoil at reduced frequencies between 0.125 and 1.5 and various nondimensional plunging amplitudes without dynamic stall agree very well with the NavierStokes solutions given by Tuncer, Walz and Platzer 16 for a turbulent flow at a chord Reynolds number of 10 6 and freestream Mach number of 0.3. The agreement indicates that the Euler solver is capable of capturing the primary wake vortices generated by the plunging airfoil and the interaction of the vortices with the airfoil. At the high reduced frequency of 1.5, the trailing-edge load has a finite magnitude and a phase lagging that of the linear theory, while at the low reduced frequency of 0.125, the trailing-edge load magnitude vanishes as predicted by the linear theory. The objective of the present paper is to study the flow around the trailing edge of an unstalled plunging NACA 0012 airfoil over a range of reduced frequencies between 0.1 and 4.0 at a constant nondimensional maximum plunging velocity of 0.35 and freestream Mach numbers between 0.05 and 0.2 by an Euler method. This is accomplished by computing the magnitude and phase of the pressure load in comparison with the classical unsteady linear theory, validating the code using known water-tunnel visualization photos, and depicting the trailing-edge flow in comparison with available experimental data and Navier-Stokes computation. Lastly, conclusions are drawn.
II. Euler Solver
It is known that an Euler solver can capture automatically the inviscid wake shedding from the sharp trailing edge of an airfoil. Although the boundary layer an the viscous wake are absent in the Euler solutions the primary trailing-edge vortex configurations and their interactions with the moving body surface are reproduced as long as there are no significant boundary-layer separations.
The present Euler solver is based on a multi-block, multigrid, finite-volume method and parallel code for the three-dimensional, compressible steady and unsteady Euler and Navier-Stokes equations. The method uses central difference with a blend of second-and fourth-order artificial dissipation and explicit RungeKutta-type time marching. The coefficients of the artificial dissipation depend on the local pressure gradient. The order of magnitude of the added artificial dissipation terms is of the order of the truncation error of the basic scheme, so that the added terms have little effect on the solution in smooth parts of the flow. Near the steep gradients the artificial dissipation is activated to mimic the physical dissipation effects. Unsteady time-accurate computations are achieved by using a second-order accurate implicit scheme with dual-time stepping. The solution for each real-time step is solved by an explicit time-marching scheme in a fictitious time in which the local time stepping, residual smoothing, and multigrid techniques can be used to accelerate convergence to a steady state. The resulting code preserves symmetry.
17
On the airfoil surface the instantaneous flow normal velocity component is set equal to the local surface normal velocity component prescribed by the oscillatory motion. The far field boundary is located at 20 chord length away from the airfoil. At the far-field inflow and outflow boundaries the flow variables are evaluated using the first-order Riemann invariant extrapolation. The initial condition is the airfoil starting from a position in its oscillatory motion in a free-stream flow and unique solution is obtained for any position used for the initial condition. The solver has been validated for a number of steady and unsteady cases.
15, 18-22
The present Euler solver was originally designed for compressible flows. It is known that the numerical solution of a compressible flow solver may not converge to the physical incompressible flow as the free-stream Mach number goes to zero. To remove this problem, a preconditioning techniques to treat the compressibleflow solver were proposed by Turkel.
23 However, in many cases, there exists small nonzero free-stream Mach numbers at which the compressible code would yield good approximate low speed flows. In this paper, instead of implementing the preconditioning techniques, appropriate small free-stream Mach numbers are used to simulate the low speed flow over the plunging airfoil. The numerical experiments 22 showed that the freestream Mach numbers can be set as low as 0.025 given a minor anomaly at the trailing edge is allowed. The free-stream Mach number of 0.1 is used in this paper for low speed flow. In fact, in the low speed freestream air flow, a flapping airfoil may induce high instantaneous local Mach number due to large effective angle of attack. Therefore a compressible flow solver is needed after all. The 1153 × 65 C-type grid moving with the plunging airfoil is used for all the computations in this paper. There are 769 grid points on the airfoil, and 192 grid points in the wake. A close-up view of the grid for a NACA 0012 airfoil and near wake is shown in Fig. 1 . Only every other line is plotted in the figure for clarity. This grid yields aerodynamic forces which are grid-independent as shown by the numerical experiments in Reference 22. The numerical experiments of time-step refinement were also performed 22 and the solutions with 64 steps per cycle are time-step independent. In all computations in this paper the real-time unsteady solution becomes periodical after about five cycles of the oscillation.
It is known that flow bifurcation appears in pure plunge at zero mean angle of attack when the maximum instantaneous angle of attack is extremely large. Jones et al. 12 reported a deflected vortex street and a non-zero time-averaged lift for the case k = 6.15, h = 0.12 (or maximum effective angle of attack equal to 55.9
• ) in water-tunnel experiments and reproduced this phenomena by a potential-flow code using different initial conditions.Lewin et al. 24 also demonstrated the flow switching by a viscous-flow code. For the cases computed in the present paper, the numerical solutions of the Euler solver are independent of the initial conditions.
III. Computational Model
The plunging is defined as a vertical flapping at right angles to the direction of motion. The NACA 0012 airfoil with chord length c performs a sinusoidal plunging. The position of the airfoil is y(t).
where t is physical time, ω and y 0 are the angular frequency and the amplitude of plunging motion, respectively.
The nondimensional plunge amplitude is defined as h = y 0 /c. The reduced frequency is defined as k = ωc/2U ∞ . The instantaneous nondimensional plunging velocity iṡ
where a dot denotes a differentiation with respect to t. The nondimensional maximum plunging velocity is ωy 0 /U ∞ = 2hk. The instantaneous effective angle of attack due to pure plunging is
The maximum effective angle of attack is α max = tan −1 (2hk) which occurrs at y = 0. The time-averaged angle of attack over a plunging cycle is zero.
The instantaneous pressure coefficient is c p . The instantaneous loading coefficient is ∆c p = (c p ) lower − (c p ) upper .
IV. Validation of the Euler Solver
The Euler method is validated for the computation of the near wake of plunging airfoil by known visualization photos in the literature. Pure sinusoidal plunging of the NACA 0012 airfoil in an uniform freestream is computed by the Euler solver with the 1153 × 65 C-type grid and M ∞ = 0.1. The computed wake structures are shown by the vorticity contour plots. Figure 2 gives the comparison of the computed vorticity contours at M ∞ = 0.1 (bottom) with the watertunnel flow-visualization photos 13 at Re = 2 × 10 4 for k = 3.925, h = 0.025 and 0.050 at ωt = π and π/2, respectively, where ωt is measured from the neutral position of the upstroke, + denotes clockwise rotating and -denotes counterclockwise rotating. When ωt = π/2 and π, the airfoil is in a downstroke motion at the top and neutral positions, respectively. The airfoil positions of the experimental results were not given in Ref. 13 . The positions are determined by matching with the present computations. The Euler-computed vorticity contours agree well with the water-tunnel flow visualization in both cases. At h = 0.025 and ωt = π the experimental photos show that two vortices of same sign are shed in each half-stroke, whereas the Euler solutions give that one elongated vortex is shed in each half-stroke. The multiple-vortex-per-half -cycle shedding is caused by a local small boundary-layer separation bubble in the trailing-edge region 14 which is absent in the Euler solution. Besides the two-vortex-per-cycle feature, the overall shedding of the wake vortices is well simulated by the Euler method. Since the flow in the near wake is well predicted by the Euler method, it can be used to study the trailing-edge flow and the trailing-edge load. Two typical pressure distributions are taken from Fig. 3 and replotted in Fig. 4 . The left figure is taken at ωt = π/2 or y = y 0 , i.e., the top position. The right is taken at ωt = π or y = 0, i.e., the mid position of the downstroke. The pressure distribution at the top position arises mainly from the apparent mass and the vertical acceleration of the airfoil. The pressure distribution near the mid position is essentially caused by the bound vorticity over the airfoil. The anomalous sharp rise and fall of the pressure coefficient at the trailing edge point are due to the non-convergence of the numerical solution of a compressible flow solver to the physical incompressible flow as the freestream Mach number goes to zero as shown by numerical experiments in Ref. 22 . Ignoring this anomaly, a deviation of the Euler solution from the linear theory in the trailing-edge region is apparent. The Euler-computed pressure coefficient does not approach zero in the trailing-edge region, whereas that from the linear theory approaches zero in the trailing-edge region.
At the top position of the plunging airfoil, the downward acceleration reaches a maximum, the apparent mass effect dominates and the pressure distribution is rather uniform. When the airfoil approaches the mid (neutral) position from above, the effective angle of attack reaches a maximum, the circulatory effect dominates and a leading-edge suction peak appears over the upper surface of the airfoil. To make an overall comparison with the linear theory, the load distribution computed by the Euler solver is decomposed into harmonic components with respect to a reference motion of the airfoil. The downward plunging velocity is chosen as the reference motion, since the downward plunging velocity denotes the effective angle of attack α as shown by Eq. 3 which is a driving mechanism of the unsteady aerodynamics. Write the downward plunging velocity into the form of magnitude and phase.
VI. Load
The aerodynamic load ∆c p is decomposed, accordingly.
where ∆c pi and φ pi are the magnitude and phase angle of the i − th harmonic component, respectively. At k = 0.1 and h = 1.75, the first harmonic component of the load distribution ∆c p over the airfoil chord agrees reasonably well with linear theory. The load magnitude approaches zero toward the trailing edge. The abrupt deviation of the Euler load phase from the linear theory at the trailing edge is insignificant, since the magnitude is nearly zero there. At k = 0.1 the load distribution is nearly in phase with the effective angle of attack, because the load is essentially of circulation origin.
At k = 0.4 and h = 0.4375, unlike the linear theory the Euler-computed load magnitude becomes nonzero (though small) at the trailing edge but the phase distribution remains coinciding with the linear theory. The load phase angle varies from 180
• at the leading edge to 234
• at the trailing edge, i.e., the load origin changes from circulation at the leading edge to apparent mass and vertical acceleration at the trailing edge.
At k = 4.0 and h = 0.04375, substantial deviations of the Euler load from the linear theory at the trailing edge are observed. The Euler solutions gives an appreciable aft-load magnitude and an abrupt aft-load phase lag. In the linear theory, the load magnitude remains zero at the trailing edge, because the Kutta condition is enforced. In the Euler method no Kutta condition is enforced, the loading magnitude can be finite at the trailing edge and the aft loading phase changes suddenly to lag that of the linear theory. Besides the trailing-edge region, both load distributions lead the effective angle of attack by about 90
• . This is caused by the large vertical acceleration of the airfoil at this large k.
The trailing-edge load behavior obtained by the Euler computation is similar to the experimental observation on unsteady trailing-edge conditions by Satyanarayana and Davis.
7 They measured the trailing-edge load over an airfoil NACA 64A010 pitch-oscillating about an axis at 25% chord in a low-speed wind tunnel and found that the linear theory underestimates the measured load magnitude and overestimates the measured load phase angle in the trailing-edge region when k is beyond k = 0.8 and the deviations increase with frequencies in the range of 0.8 to 1.2. Both studies show that the Kutta-Joukowsky condition at the trailing edge satisfied by the linear theory breaks down as the reduced frequency is high.
To further the study of the finite trailing-edge load behavior predicted by the Euler solutions, the computed instantaneous near wake vortex and streamlines around the trailing edge are plotted in point ωt = 1.09π, the bound vorticity increases abruptly and thus a strong counter-clockwise-rotating free vortex is shed from the lower surface at the trailing edge and highly deformed upward relative to the airfoil as shown in Fig. 6 . Under the action of the highly deformed free vortex, the streamlines are curved upward abruptly as shown in the figure and the upper surface pressure is lowered abruptly in approaching the trailing edge. The finite pressure loading and abrupt streamline curvature in the trailing-edge region predicted by the Euler solver essentially mimic flow visualizations on oscillating airfoils sketched by McCroskey 1 in the lower half of his Figure 5 , though the small boundary-layer separation bubble on the upper surface is not captured by the Euler method.
At the upstroke point ωt = 1.59π, the bound vorticity decreases abruptly and thus a strong clockwiserotating free vortex is shed at the trailing edge from the upper surface and deformed downward as shown in Fig. 6 . Under the action of the free vortex the streamlines are curved abruptly downward and the lower surface pressure is lowered abruptly in approaching the trailing edge. Young et al.
14 using a Navier-Stokes code computed the instantaneous streamlines (relative to the airfoil) around trailing edge of NACA 0012 airfoil plunging upward at k = 4.0, h = 0.0125, Re = 2 × 10 4 , and for fully laminar flow. Similar to the flow visualizations sketched by McCroskey, 1 there is a small boundary-layer separation bubble occurring on the low-pressure surface in the Navier-Stokes solution as shown in their Figure 14 . Although the small trailing-edge separation bubble is absent in the inviscid Euler solution, the highly deformed near wake and abrupt streamline curvature in the trailing-edge region are simulated.
VII. Compressibility Effects
The deviation between the the Euler solution and the linear theory at high reduced frequency may be also caused by an interaction between the high frequency plunging airfoil and the compressible flow. Although the freestream Mach number considered is as low as 0.1, compressibility still may play an important role. 8 To enunciate the compressibility effects on the trailing-edge load by the Euler method, the following identities are defined.
In the Euler-computed solutions, the trailing-edge load can be identified by the minimum load magnitude in the trailing-edge region. The trailing-edge load coefficient of the first harmonic component is denoted by (∆c p1 ) T E . Accompanying the trailing-edge load, the maximum load over the airfoil chord, i.e., the leading-edge load is identified. The leading-edge load coefficient of the first harmonic component is denoted by (∆c p1 ) LE . From the computed load-magnitude distributions, (∆c p1 ) T E is located in the range of x/c between 96 ∼ 98%, whereas (∆c p1 ) LE is located at x/c = 0.5 ∼ 1.0%. The corresponding load phases denoted by (φ p1 ) T E and (φ p1 ) LE , respectively, are read off from the computed phase distributions. In the range of M ∞ from 0.05 to 0.2, the trailing-edge load magnitude computed by the Euler solver is nearly zero when the reduced frequency is below about 0.4. But it becomes non-zero at reduced frequencies beyond 0.4 and increases further with reduced frequency and free stream Mach number. As the Eulercomputed trailing-edge load magnitude deviates from the linear theory beyond reduced frequency of 0.4, the computed trailing-edge load phase starts to lag and the lag increases with reduced frequency and free-stream Mach number. The load phase lead for k < 0.4 is insignificant, since the load magnitude is nearly zero there.
The Euler-computed leading-edge load magnitude decreases with increase of k but increases with increase of M ∞ . The Euler-computed leading-edge load phase at M ∞ = 0.05 almost coincides with that of the linear theory. The phase curves for M ∞ = 0.1 and 0.2 deviate from the linear theory at a composite parameter kM ∞ ≈ 0.1. The appearance of the composite parameter kM ∞ indicates an interaction occurring between the high frequency plunging airfoil and the compressible flow.
VIII. Conclusions
The wake structures of a plunging NACA 0012 airfoil without dynamic stall predicted by the Euler solver at freestream Mach number of 0.1 agree well with known water-tunnel visualization photos. Although the thin boundary layer, its possible minor separation near the trailing edge and its wake are absent in the Euler solutions, the primary separation shear layer and its rolling-up into concentrated vortices are reproduced. The Euler methods allow the computation of pressure distribution and the hysteresis effects of unsteady compressible flow and thereby provide the instantaneous inviscid aerodynamic forces and their lag or lead with respect to the airfoil motion.
The Kutta-Joukowsky condition is not enforced in the Euler computation. For an unstalled plunging NACA 0012 airfoil with maximum effective angle of attack of 19.3
• and free-stream Mach number below 0.2, the computed load distribution can be approximated by the first harmonic component. When the reduced frequency goes beyond 0.4, the Euler solution deviates from the classical incompressible linear theory in predicting a non-zero load magnitude with a phase lag in the trailing-edge region. The deviation increases with reduced frequencies in the range of 0.4 to 4.0 and free-stream Mach number in the range of 0.05 to 0.2. The aft-load dependence on the reduced frequency is similar to that obtained for a pitching airfoil by a wind tunnel test in the literature.
The aft-load behavior is enunciated by the abrupt streamline curvature and highly deformed wake near the trailing edge of the plunging airfoil at reduced frequency of 4.0 captured by the Euler computation. The observations agree qualitatively with numerous flow visualizations and known Navier-Stokes computation on oscillating airfoils.
